Stellar halos observed around normal galaxies are extended and faint stellar structures formed by debris of tidally disrupted dwarf galaxies accreted over time by the host galaxy. Around dwarf galaxies, these stellar halos may not exist if all the accreted satellites are dark halos without stars. However, if a stellar halo is found in sufficiently small mass dwarfs, the whole stellar halo is composed of tidal debris of fossil galaxies, and we refer to it as ghostly halo. Fossil galaxies are called so because they formed most of their stars before the epoch of reionization, and have been identified as the ultra-faint dwarf galaxies found around the Milky Way and M31.
INTRODUCTION
In cold dark matter (CDM) cosmology, where the term "cold" refers to non-relativistic dark matter, galaxy formation is hierarchical: galaxies grow by accreting smaller mass galaxies. The accretion of these galaxies produces an extended stellar halo, with a stellar mass that depends on the stellar masses of the accreted galaxies and a size that mainly depends on the number of mergers (Eggen et al. 1962; Searle & Zinn 1978; White & Frenk 1991; Johnston et al. 2008 ). The stellar halo, which extends well beyond the bulge and disk components of a galaxy, consists of stars tidally stripped from accreted dwarf galaxies and is embedded in an even larger halo of dark matter. A stellar halo is observed around the Milky Way, in other spiral galaxies and in galaxy clusters, but not much is known about stellar halos around dwarf galaxies. Here, we define dwarf galaxies to have dark matter halo mass, M dm < 10 10 M , i.e., about 100 times smaller than the Milky Way.
After reionization, at redshift z ∼ 6, gas in the universe E-mail: ghdud14DT@hotmail.com † E-mail: ricotti@astro.umd.edu became hot and the thermal pressure overcame the gravitational pull in galaxies with dark matter halo mass below a critical value M cr dm ∼ 10 8 − 10 9 M . Therefore the IGM heating associated with reionization prevents fueling with fresh gas of small dwarf galaxies from the epoch of reionization to redshift z ∼ 1 − 2, when some gas accretion becomes possible again even in dwarf galaxies with halo masses below the critical value (Ricotti 2009 ). This process is known as reionization feedback (Babul & Rees 1992; Efstathiou 1992; Gnedin 2000; Bullock et al. 2000; Okamoto et al. 2008 ).
In dwarf galaxies, most of the stars in the stellar halo have been stripped from tiny dwarfs with total masses < 10 8 − 10 9 M . Thus, merging subunits are sufficiently small to be subject to reionization feedback, meaning that most of the stars in the accreted dwarfs, and therefore in the stellar halo, formed before the reionization epoch at z > 6. Such dwarf galaxies, dominated by only old stellar populations, are categorized as "true fossils" of the pre-reionization epoch (Ricotti & Gnedin 2005; Bovill & Ricotti 2009 ). Stellar halos around dwarf galaxies with mass < 10 9 − 10 10 M , if ever found, are expected to be assembled by multiple mergers with fossil galaxies, and to be a powerful probe of galaxy formation before reionization. These halos will be characterized by an old and metal poor stellar population and an extremely low surface brightness, making them hard to observe. We refer to these dim halos as "ghostly halos" (Bovill & Ricotti 2011a,b) , being "ethereal" and solely made from dead fossil galaxies.
In this paper we theoretically model the properties of ghostly halos, such as their half-light radii, stellar masses, and stellar mass surface densities. Next, we collect a set of data on isolated dwarf galaxies around the Milky Way that shows evidence of extended old stellar halos. Finally, we compare the observations to the models and show that it is possible to put new constraints on the star formation efficiency and stellar mass in the first galaxies as a function of their dark matter halo mass. This new method is complementary to previous attempts to constrain the properties of the first galaxies using observations of ultra-faint dwarf (UFD) galaxies around the Milky Way and M31, but, of course, should also produce results that are consistent because fossil galaxies and ghostly halos are two manifestations of the same underlaying physical processes.
This paper is organized as follows. In § 2 we describe a simple model for the build up of stellar halos of fossil stars. In § 3, using the model in § 2 and a merger-tree code we present the results of numerical modeling of the assembly of stellar halos as a function of the mass of the galaxy and the assumed star formation efficiency in the first galaxies. In § 4 we review the observational data on the existence and properties of extended stellar halos in nearby isolated dwarf galaxies. In § 5 we compare observations to theoretical modeling in order to constrain the star formation efficiency in the first galaxies. A summary and conclusions are presented in § 6. Throughout this paper we use Planck (Planck Collaboration et al. 2018 ) cosmological parameters (Ω m = 0.31, Ω Λ = 0.69, h = 0.67, Ω b = 0.049, n s = 0.965, σ 8 = 0.81).
SIMULATIONS
In order to estimate the growth of the stellar halo produced by repeated mergers, we adopt the formalism in BoylanKolchin et al. (2005 BoylanKolchin et al. ( , 2006 used to describe the build up of bulges as a result of minor and major merger events. The final effective radius of the stellar halo, R f (which we can define as the radius at which half of the total luminosity is emitted) produced by a binary merger of two galaxies can be related to their initial radii R 1 , R 2 by the energy conservation relationship:
where M 1 and M 2 are initial masses of the stellar spheroids, M f = M 1 + M 2 is the final stellar halo mass, f or b contains information about the orbital energy of the merger event, and f t describes the energy transfer between the stellar and the dark matter components. The parameters of order of unity f 1 , f 2 and f f , depend on the detail of the dark matter and stellar structure of the initial galaxies and the final galaxy, respectively. These parameters can only be obtained using numerical simulations as they encode both the gravitational potential energy and the internal kinetic energy of the galaxy. However, if we assume perfect homology (i.e., the profiles of galaxies are the same up to scaling constants) and a parabolic orbit with no energy transfer between the dark matter and the stellar component, then f f = f 1 = f 2 and f or b = f t = 0, respectively (Boylan-Kolchin et al. 2005; Novak et al. 2012) . With these assumptions we obtain the following simplified equation:
If we further assume a constant radius, R 0 , for each initial halo mass and we consider the merging of N galaxies, M i for 1 ≤ i ≤ N, then we can solve for R f :
Here, M f ≡ N i=1 M i is the final stellar mass of the halo and M i is the stellar mass of the merging galaxy i. We can better understand the physical meaning of this equation considering two extreme cases: i) If all the N merging galaxies have equal mass, then R f = N R 0 ; ii) If only one of the galaxies dominates the summation, then R f = R 0 . Therefore, numerous minor mergers are more effective than a single major merger in increasing the size of the stellar halo. Here, we have used Equation (3) only for illustration purposes, because the assumption that the effective radii of galaxies do not depend on their masses is clearly unrealistic.
Hereafter, we will assume that the effective stellar radius of each merging galaxy depends on its dark matter halo mass as follows:
where we adopt an effective radius R 0 = 0.13 kpc for a halo mass M dm,0 = 10 7 M , and α = 1/3. This assumption is based on observations of late type galaxies (Kravtsov 2013) and can be interpreted in the context of the theory of angular momentum conservation and tidal torques. Moreover, the relationship states that the half-light radius of the stellar component (r h ) is a constant fraction of the virial radius of the dark matter halo (R 200 ). For early and late type galaxies with halo masses 10 9 M < M dm < 10 14 M , the half-light radii follow the linear relationship r h = 0.015R 200 , but the scatter around the mean is a factor of ±300%. Here we adopt the linear relationship r h = 0.03R 200 , a factor of two higher than the mean, because it is a better fit when considering only late type dwarf galaxies, which are the focus of this paper. In addition we will relate the stellar mass of a galaxy to the total dark matter halo mass,
where the star formation efficiency, f * , is parameterized as a power-law:
with slope β, which is a free parameter in the model. The free parameter 0 (i.e., the star formation efficiency for halo masses M dm,0 ) is a normalization factor which trivially affects the results, as shown below. Therefore, the generaliza- Figure 1 . A schematic of a halo merger tree as in the MonteCarlo merger tree code used here. Size of the nodes represent the size of the galaxies. As time increases, redshift decreases. Since we assume there are no newly formed stars in small mass halos after reionization, surface brightness decreases as galaxies merge.
tion of Equation (3) is
where
Note that R halo depends only on the merger tree history of luminous halos, β (a free parameter) and α (which we set to 1/3), but it is independent of the assumed free-parameter 0 and of the choice of the pivot dark matter mass M dm,0 , because
. Finally, a very simple expression can be derived for the ratio of the halo effective radius to the galaxy effective radius,
showing clearly that this ratio (which, as we will see later, can be obtained from observations of isolated dwarf galaxies) can be used to constrain β and therefore the star formation efficiency at the epoch of reionization. In order to estimate R halo in Equation (7) we need to know the merger history of a galaxy (see Fig. 1 for a sketch). We use a MonteCarlo merger tree code (Parkinson et al. 2008 ) based on the extended Press-Schechter formalism to produce several realizations of the merger history of galaxies residing in a dark matter halo of mass M dm,gal . For each halo mass at z = 0 and set of free parameters, we report the mean and the standard deviation of each observable based on 60 random mergertree realizations to account for the different ways the final galaxy may be assembled. Since we are interested in determining the mass and radius of the stellar halo in isolated dwarf galaxies at z = 0, we assume that the merging building blocks have dark matter masses sufficiently small to be affected by reionization feedback. Our assumption is justified as long as the merging galaxies have DM masses < M J , where M J ∼ 10 9 M /(1 + z merge ) is roughly the Jeans mass of the IGM after reionization, assuming an IGM temperature ∼ 10 4 K. Since halos with mass < M J can only form stars before reionization, we populate dark matter halos with stars roughly at the epoch of reionization z ∼ z rei according to the star formation law in Equation (6). It is important to emphasize that our free parameters for the star formation efficiency ( 0 and β) are not the values at present time but how they were at the epoch of reionization, or more precisely at the epoch when reionization feedback shuts down star formation in dwarf galaxies 1 . Since these halos cannot form stars after reionization, we simply follow their merger history with the host halo to z = 0. So, the stellar mass of the halo and its radius are simply set by the volume density distribution function of stellar masses of the building blocks at z = z rei . Clearly, this model fails when the building blocks of the stellar halo have mass > M J , which roughly corresponds to dwarf galaxies with present-day dark matter halo masses > 10 10 M . In our simulations, redshift values for the onset of reionization feedback are chosen at z cut = 6 and z cut = 5 because reionization of the universe was completed around z rei = 6.2 at t ∼ 900 Myr, and we investigate the effect of negligible delay (50 Myr) and longer delay (300 Myr) of this feedback with respect to z rei . The simulations span a range of presentday dark matter halo masses from 10 8 M to 10 11 M to cover a wide range of dwarf galaxy masses. Additionally, we explore a range for the free parameter β from -0.5 to 2 in order to capture possible star formation efficiencies. Another important parameter in the simulation is the mass resolution of the merging halos, which sets a limit to the smallest (luminous) dwarf galaxy that can merge. We explore two cases for the minimum halo mass of the merging building blocks: M res = 10 6 M and M res = 5 × 10 6 M .
MODELING RESULTS
We carry out simulations to investigate how the free parameters in our model impact the final effective radii of stellar halos, their stellar masses and stellar mass surface densities. For each set of parameters we report the average and standard deviation from 60 random merger tree realizations. We assume Gaussian distribution for estimating the mean and standard deviations, however we find that this is a good approximation only for β ∼ 0, while for β ∼ 1 − 2 the distribution is skewed. We also notice that the scatter of the results for a fixed β becomes smaller lowering the value of z cut . This is most likely due to the fact that we expect more ways galaxies can merge starting at higher redshift.
Effective Radius, Mass and Surface Density of Ghostly Stellar halos
The results from the merger-tree simulations are shown in as a function of β and M dm , from 60 random realization of merger histories. In the left panel the sub-halos stellar properties are set at redshift z cut = 6 and the minimum dark matter halo mass hosting a galaxy is M res = 10 6 M . In the middle panel z cut = 6 and M res = 5 × 10 6 M . In the right panel z cut = 5 and M res = 5 × 10 6 M . In the legends we report the dark matter halo masses of galaxies at the present day. The data points from the simulations are fit as a function of dark matter halo mass and β. history is typically about ±30% for β 0, ±20% for β −0.5 and ±40% for β 0.5 and halo masses > 10 9 M (see Table A2 in Appendix A). As expected from Equation (7) (and the simplified Eq. (3)), r halo h increases with decreasing β because the stellar halo is assembled by many merging galaxies of similar stellar mass, while for large β the most massive mergers dominate the stellar budget in the halo. The dependence on the halo mass can be understood similarly because the number of merging galaxies scales with the halo mass, given our assumption of a minimum mass cutoff on the halo mass, M res , representing the transition to halos that form single Pop III stars rather than primordial dwarf galaxies. The value of r halo h is linearly proportional to the assumed normalization R 0 for the half light radius of galaxies. Therefore the uncertainty on the normalization of r halo h can be large given the intrinsic scatter around the mean relationship in Eq. (4). However, the ratio r halo h /r gal h is independent of R 0 and is a more robust diagnostic of β. The main uncertainty is in how precisely the dark matter halo mass of the observed dwarf can be estimated. The scatter of r halo h between galaxies with the same dark matter halo mass is largely due to different realizations of their merger histories, so it would be useful to have a rather large sample of observed dwarf galaxies to compare to the mean values from the model. Figure 3 is the same as Fig. 2 but for the mass of the stellar halo, M halo * ( 0 /0.001), and the ratio M halo * /M gal * . For this figure we have assumed for the normalization and pivot point in Equation (6) the values 0 = 0.001 and M dm,0 = 10 7 M . With this choice for the normalization, the dependence of M halo * on β is minimized. This is expected because the halo masses contributing to the stellar halos are in the range 10 6 − 10 8 M . It is interesting to note that M halo * /M gal * is a quantity rather independent of the dark matter halo mass in which a galaxy resides for the case β ∼ 0. Figure 4 is the same as Fig. 2 but for the surface mass density Σ halo * ( 0 /0.001) and the ratio Σ halo * /Σ gal * . Here we define the surface brightness and stellar mass surface density within the half-mass radius:
respectively. The stellar mass surface density of ghostly halos is rather constant as a function of the halo mass for 0 < β < 0.5 for our fiducial model parameters (left panels). Therefore Σ halo * is a good observable to estimate 0 . The dependence of the main observables of ghost halos on the minimum mass of luminous building blocks, M res , is quite significant when changing M res from 10 6 to 5 × 10 6 . While, the results are less sensitive to changing z cut from 6 to 5.
COMPILING OBSERVATIONAL DATA
We have conducted a literature review on nearby dwarf galaxies located in the Local Group but outside the virial radii of the Milky Way and Andromeda, looking for references in which provided the radial density profile of stars to large distances and showing robust or even tentative evidence of the existence of an extended stellar halo. The selection of dwarfs outside the sphere of influence of the Milky Way and M31 is motivated by the expectation that an extended stellar halo would not survive for long once the dwarf is within the virial radius of a larger host galaxy. The stellar halos are so faint that in nearby dwarf galaxies are typically found by star counts. Usually only the red giants are sufficiently bright to be detected in deep color-magnitude diagrams (CMD).
We found data for six nearby dwarf galaxies, including (2015); (9) Table 2 . Fitting parameters in Fig. 5 for the exponential disk and exponential halo profiles. M conv is the parameter derived in Appendix B to convert from number of RG stars to stellar mass at zero age.
Leo T, Leo A, WLM, IC1613, IC10 and NGC6822 (see Table 1 ). In the literature the data was fit with two exponential profiles, one for the galaxy and one for the extended halo. In some case the fit was given in terms of a single Sersic profile, but here we only used the data points and re-fitted with two exponential profiles, as shown in Figure 5 . The fitting is done using a maximum likelihood estimator between the data points (including the uncertainty on the y-axis) and the model being the sum of two exponential profiles. For IC10, because of the break in the profile at about 3 kpc, we fit the exponential profiles independently at r < 3 kpc (galaxy profile) and r > 3 kpc (ghostly halo profile). A galaxy disk is usually modeled as an exponential disk (Kravtsov 2013) , so our assumption is well justified. However, according to numerical simulations and literature for the Milky Way and other nearby massive galaxies, the functional form for the stellar halo profile is a power law density profile ∝ r −α with α ∼ 4 − 5 (Abadi et al. 2006; Helmi 2008) . In addition the stellar halo is not spherical but triaxial. However, over the limited range of radii where a stellar halo is observed in the dwarf galaxies (due to foreground contamination), the exponential fit and a power law fit are nearly identical. We choose to use an exponential profile to be consistent with our theoretical modeling assumption of homology, meaning we assumed the same density profile up to some scaling constants for the stellar halo and the disks/spheroids of the merging galaxies.
The total number of red-giant/AGB stars for the halo and the galaxy components were obtained integrating the two exponential fits from radii 0 to 4r halo h . It is easy to show that for an exponential halo, Σ(r) = Σ 0 e −r/r exp , the half-mass radius is r h = 1.678r exp and the number of red-giant (RG) stars is
Since the data is in terms of number of red-giant stars selected around the tip of the red-giant branch, we need to convert this observed number to a stellar mass at zero age main sequence (at the time of the galaxy formation) that in our case nearly coincides with the redshift z = z rei . We do this conversion using synthetic color-magnitude diagrams (CMDs), assuming stellar evolutionary tracks appropriate for dwarf galaxies that formed all their stars before reionization Z = 0.0003 and age = 13 Gyr. Different references on the dwarf stellar halos we found in the literature use different filters, different magnitude and color cuts to separate the redgiants in the stellar halo of the dwarfs from the foreground M-stars in the Milky Way halo (the main contaminants dominating the foreground). Therefore, in Appendix B, we show our synthetic CMD for each of the six galaxies considered here, using the same cuts and filters as in the reference paper. In Table 2 we show the final results of this procedure reporting, for each galaxy, the conversion factor, M conv , between number of stars and stellar mass at formation. Clearly, this is only relevant to calibrate the stellar mass of the halo and its surface brightness. The ratio of scale radii of the galaxy and the halo is independent of this calibration. In addition, we calculated the central galaxy stellar mass using the same procedure (integrating the galaxy exponential profile for the number of red-giant stars, and using the same conversion to stellar mass). However, the central galaxy is Figure 5 . Radial density profiles (number of red-giant stars per kpc 2 ) of LeoT (Irwin et al. 2007 ), LeoA (Vansevičius et al. 2004) , WLM (Leaman et al. 2012) , IC1613 (Sibbons et al. 2015) , IC10 (Gerbrandt et al. 2015) , and NGC6822 (Battinelli et al. 2006 ). The points with errorbars is the data from the references listed above. We fit the data as the sum of two stellar components with exponential density profiles: the stars in the disk galaxy, and the stars in a more extended stellar halo. The best fit line, which is the sum of the two exponential profiles, is shown as a solid line. The dashed line is the stellar halo profile and the dot-dashed line is the galaxy profile.
not composed of only old low-metallicity stars (for instance IC10 is a starburst galaxy, and NGC6822 has recent star formation). Therefore this estimate only picks the fraction of the mass in evolved stellar population and the stellar halfradius is also biased toward the old stellar population. Alternatively, for the central galaxy, we report the half-light radii from the literature (McConnachie 2012) and the stellar mass derived from the galaxy magnitude assuming a mass-to-light ratio Υ ≡ L * /M * = 2, with log L * = −0.4(M V − M V,sun ), where L * and M * are in solar units and M V is the absolute magni-
Galaxy
Galactic Parameters Ghostly Halo Parameters 1.14 4.6 × 10 7 4.6 × 10 7 2.9 9.6 × 10 6 1.7 × 10 5 2.6 0.21 NGC6822 0.88 1.7 × 10 7 4.86 × 10 7 2.3 9.7 × 10 6 2.9 × 10 5 2.6 0.56 Table 3 . Galactic and ghostly halo parameters from fitting the observed stellar profiles and CMD (see Appendix B. The surface brightness of the ghostly halo within the half-mass radius is Σ halo
) 2 ] and the half-mass radius is r h = 1.678r exp . M * ,exp is the stellar mass obtained by integrating the exponential profile, while M * ,mag is the stellar mass obtained from the absolute magnitude assuming a constant mass-to-light ratio Υ = 2.
tude taken from the literature (see Table 1 ). Table 3 summarizes the galactic and stellar halo parameters for the six dwarfs considered here. These numbers will be the basis to constrain the star formation efficiency in the first galaxies using the procedure explained in the next section.
Estimates of the total dark matter halo mass of the observed dwarfs are shown in Table 4 . This table collects, for each galaxy, the values from three main methods we used to estimate the masses. First, we report estimates found in the literature, when available. The discrepancy between different authors can be up to one order of magnitude. The dynamical mass of the halos M dyn (≤ r h ) and the mass within the half light radius M 1/2 , when available, are reported for completeness and provide a robust lower limit to the total mass, but are not used to estimate fiducial dark matter halo masses. The second method to estimate the total halo mass is based on the knowledge of the stellar mass of the galaxy at z = 0. We use the relationship M * = 6 × 10 5 M (M dm /10 9 M ) 1.5 obtained from extrapolating to lower masses the results from Behroozi et al. (2013) at z = 0 to estimate M dm (M * ) shown in the table. The third method uses the relationship between the half-light radius and the halo mass in Equation (4) to obtain M dm (r h ), using for r h the results from the exponential profile fits in Table 3 . The last two methods may have an uncertainty of up to a factor of 3, but they seem to provide estimates consistent with each other. Finally, the last column in the table shows the fiducial mass of the dark matter halo obtained from the average of three different methods: the value from the literature in BD15, M dm (M * ) and M dm (r h ).
STAR FORMATION EFFICIENCY IN FOSSIL GALAXIES
Given the observational data in § 4, we use the theoretical modeling in § 3 to infer the values of β and 0 , and therefore the star formation efficiency f * (M dm ) at z ∼ 6. This procedure, explained in detail below, is done independently for each one of the six dwarf galaxies in Table 1 . We also explore the sensitivity of the results to the uncertainties in estimating M dm,gal , M res and z cut .
We first constrain β from the ratio r halo h /r gal h since this ratio depends only on β and the dark matter halo mass. We compare the model results in Figure 2 (bottom) to the observed values in Table 3 for each dwarf galaxy separately. Next, we constrain the normalization, 0 , by comparing the observed M halo * to the model results in Figure 3(top) . Inspecting Figure 3 (top) we notice that when using a pivot mass, M dm,0 = 10 7 M , to normalize the star formation efficiency, the stellar halo mass has a weak dependence on the value of β. Therefore the main uncertainty on 0 is the estimated dark matter halo mass rather than the uncertainty on β. Given β and 0 , we plot f * (M dm ) and M * (M dm ) ≡ f * M dm as a function of M dm for each one of the six dwarfs in our sample as shown by the solid thin lines in Figure 6 . The lines are plotted only for a range of dark matter halo masses bounded by an estimate of the maximum mass of merging satellites and 1/100 of this mass. The solid thick lines show the mean values of f * and M * considering all the dwarfs, while the dashed thick line is the same but excluding Leo T from the estimate of the mean. Here we have used our fiducial values for M dm,gal (see Table 4 ), M res = 10 6 M and z cut = 6. For comparison we also show the results obtained by Behroozi et al. (2013) for much more massive halos at z = 0, z = 6 and z = 7 as shown by the lines with data points (see the legend).
The results from individual dwarfs are remarkably consistent with each other and with a naive extrapolation of Behroozi et al. (2013) result. Given the significant uncertainties on M dm,gal , given the intrinsic scatter of the theoretical results due to different merging histories, and considering the observational errors on r halo h /r gal h and M Halo * , this result is very encouraging and gives us confidence that this method can be significantly improved with better observational data and modeling.
The only dwarf galaxy that produced a result that deviates significantly from the others is Leo T, which is also the least massive dwarf galaxy in the our sample. The results for Leo T are consistent with a significant increase of f * for the mass range M dm ∼ 10 6 − 10 7 M . The results for Leo T are not consistent with the other dwarfs because are valid for halos with M dm,gal < 10 7 M , which have a negligible impact on the properties of ghostly halos in the other dwarfs which are significantly more massive. If the results for Leo T are correct, the star formation efficiency appears to increase sharply from f * = 0.1% at M dm ∼ 10 7 M to f * = 5% at M dm ∼ 10 6 M . This result is very intriguing but tentative. The results of some numerical simulations of the first galaxies are consistent with a sharp increase of f * in the first small mass halos. However, given that we only have one object showing this trend and given the large un-
Leo T 3.9 × 10 6 6.0 × 10 6 9.05 × 10 9 9.05 × 10 9 3.5 − 7.5 × 10 8 1.76 × 10 8 2.27 × 10 7 (0.17) 2.4 × 10 8 Leo A 2.5 × 10 7 1.5 × 10 7 3.00 × 10 8 8.01 × 10 9 -2.96 × 10 9 2.96 × 10 8 (0.4) 1.6 × 10 9 WLM 3.80 × 10 8 6.30 × 10 8 6.02 × 10 9 1.58 × 10 10 8.3 × 10 9 5.83 × 10 9 1.24 × 10 10 (1.39) 8.8 × 10 9 IC1613
1.7 × 10 9 -1.10 × 10 8 2.44 × 10 9 1.7 × 10 9 7.89 × 10 9 1.1 × 10 10 (1.33) 6.9 × 10 9 IC10 -----1.98 × 10 10 7.41 × 10 9 (1.17) 1.4 × 10 10 NGC6822 -2.40 × 10 8 --2 × 10 10 1.04 × 10 10 1.38 × 10 10 (1.44) 1.5 × 10 10 Table 4 . Various estimates of the of dark matter halo mass of the dwarf galaxies in Table 1 certainties of the data and modeling, we remain cautious to avoid over-interpreting this result.
Given the difficulty in obtaining a precise estimate of M dm,gal for each dwarf galaxy, in Figure 7 (left) we show the effect on f * of doubling or reducing by half its value with respect to the fiducial value in Table 4 . The fiducial results for f * are show as solid lines, while the shaded region is bounded at the top by twice the fiducial mass and at the bottom by half the fiducial mass. The right panel in Figure 7 is similar to the left panel but for M res = 5 × 10 6 M with z cut = 6 (dashed lines) and with z cut = 5 (dot-dashed lines). The solid lines refer to the fiducial case as in the left panel. From the figure it is evident that z cut has a small effect on the results while M res has a significant effect on β. Instead M dm,gal has a strong effect on 0 . Note that for Leo T it is not possible to find a model reproducing the observations if the cutoff mass of luminous galaxies is M res = 5×10 6 M , for the fiducial value of Leo T mass. A solution is found in this case only assuming that the dark matter mass of Leo T is at least 3 times larger than the fiducial value. The modeling results for z cut = 6 show that for the values of β obtained in this study, which are in the range β ∼ 0 − 0.5, the surface mass density is relatively constant as a function of the halo mass and is roughly between Σ halo * ∼ 3 × 10 4 ( 0 /0.001) and 10 5 ( 0 /0.001). Table 3 shows that the observed values of Σ halo * are in the same range and with the correct dependence on the halo mass (with the exception of Leo A).
As shown in Figure 6 , if we exclude Leo T from the sample, the stellar halo of the remaining dwarfs is consistent with a star formation efficiency in the first galaxies at z ∼ 6 nearly independent of the halo mass, meaning that roughly M * ∝ M dm . The star formation efficiency in halos of 10 6 − 10 8 M is rather large considering the small masses of these halos: f * ∼ 0.05% − 0.1%. Therefore these halos host galaxies with stellar masses, M * ∼ 5 × 10 2 M (M dm /10 6 M ), at formation. These stellar masses are typical of UFDs satellites observed in the Local Group. The result is consistent with the identification of UFDs as fossil of the first galaxies, but implies that the faintest UFDs that have been observed so far, with M * ∼ 10 3 M , have formed in dark matter halos with masses ∼ 10 7 M at z > 6, and reside in ∼ 10 8 M halos today. This also implies that UFDs with M * ∼ 10 3 − 10 4 M should be very numerous because they are hosted in the smallest mass halos that can form Pop II stars 2 , which are the most numerous in CDM cosmologies.
To summarize, our results constrain the star formation efficiency in the smallest luminous galactic building blocks with halo masses 10 6 − 10 9 M . When comparing our results to modeling by Behroozi et al. (2013) , valid at the same redshift but for significantly more massive galaxies (M dm > 10 10 M ), a consistent picture seems to emerge in which feedback effect are less important in reducing the star formation efficiency below a redshift-dependent critical mass for dark matter halos.
SUMMARY AND DISCUSSION
We carry out numerical simulations to characterize the size, stellar mass, and stellar mass surface density of extended stellar halos in dwarf galaxies as a function of dark matter halo mass. We expect that for galaxies smaller than a critical value, these ghostly halos will not exist because the smaller galactic subunits that build it up do not form any stars. However, if a stellar halo is found in sufficiently small mass dwarfs, the whole stellar halo is composed of tidal debris of fossil galaxies, i.e., galaxies that formed most of their stars before the epoch of reionization. We refer to these stellar halos in dwarf galaxies as ghostly halos. Therefore the detection and characterization of ghostly stellar halos around isolated dwarf galaxies is a sensitive test of the efficiency of star formation in fossil galaxies. The properties of ghostly halos are tightly connected to the properties of the population of ultra-faint dwarf galaxies found around the Milky Way and M31. This elusive galaxy population still needs to be fully uncovered and understood and is one of the most powerful probes of the physics of galaxy formation in the early universe and the epoch of reionization.
We have characterized stellar halos in dwarf galaxies as a function of their present-day dark matter halo mass and as a function of a parametrization of the star formation efficiency at z = z cut ∼ 6, approximated by a power-
. From a literature search we found that 6 of the 12 dwarf galaxies in the Local Group residing outside Figure 6 . (Left). Star formation efficiency as a function of dark matter halo mass at z = 6 derived from data on ghostly stellar halos in dwarf galaxies and using the fiducial parameters for the stellar halo model (this paper). The thin lines refer to the results from individual dwarf galaxies as in the legend. The thick black line is the mean value considering all the dwarf galaxies (solid line) and excluding Leo T (dashed line). For comparison we show the results from (Behroozi et al. 2013) , valid for masses > 10 10 M and at redshifts z = 6, 7 and z = 0 as shown in the legend. the virial radii of the Milky Way and M31 show some evidence of an extended stellar halo. We analyzed the properties of these stellar halos in a uniform way and compared their properties to the expectations from the theoretical modeling. From the observational data and its comparison to the models emerged a rather consistent picture that allowed us to constrain the star formation efficiency at z ∼ 6. We find that at redshift z ∼ 6, dark matter halos in the mass range 10 7 − 10 9 M have a mean star formation efficiency in the range f * ≡ M * /M dm ∼ 0.05%−0.1%, only mildly increasing as a function of the dark matter halo mass (β ∼ 0.1). The result extends by several orders of magnitude to lower halo masses of the results from the literature valid for M dm > 10 10 M (Behroozi et al. 2013) .
The main implications and the interpretation of the results found in this study are summarize below:
(i) Star formation efficiency nearly constant as a function of M dm has implications on the role of feedback in regulating star formation in the smallest mass halos. Typically small halo masses are less bound gravitationally and more susceptible to the effect of SNe and radiation feedbacks; thus the result is somewhat counter-intuitive. However, it is not completely unexpected. Observations of old globular clusters (GCs) (McLaughlin 1999; Georgiev et al. 2010) , theoretical modeling the Milky Way system of GCs (Katz & Ricotti 2014) , and constraint on the formation epoch of old GCs using deep field luminosity functions (Ricotti 2002; Katz & Ricotti 2013) , suggest that the star formation efficiency of old GCs is independent of the halo mass in dwarf galaxies. In Ricotti et al. (2016) we suggested a common origin for GCs and UFDs: namely, star formation in the first galaxies always happens in compact star clusters, some of which become unbound and evaporate in the first small mass halos and transform into UFDs. Regarding the role of feedback, the result can be interpreted as follows: below a critical stellar mass in dwarf galaxies, the "quantization" in compact star clusters becomes dominant. The minimum cluster mass is regulated by stellar cluster feedback which operates on shorter time-scales than galaxy scale feedback. UFDs with total stellar masses of 10 3 − 10 4 M are at most composed of a few stellar clusters forming in a nearly instantaneous mode of star formation. Galaxy scale feedback starts operating as a result of the formation of the first few clusters, but the clusters themselves have a characteristic mass scale and therefore provide a minimum stellar mass floor.
(ii) From the mean star formation efficiency we can make a simple estimate of the faint end of the luminosity function before reionization. If the faintest galactic building blocks have stellar masses of 10 3 M , their peak luminosity, assuming an instantaneous (< 5 Myr) burst of star formation, has an absolute magnitude M V ∼ −8. So, the faint end of the galaxy luminosity function at z > 6 may become flatter due to the short duty cycle of the burst, but will have a faint cutoff at about this magnitude. This is largely consistent with the result of numerical simulations (Ricotti et al. , 2008 Wise et al. 2012; Ricotti et al. 2016) .
(iii) According to our analysis and results, galaxies with luminosities typical of UFDs are hosted in small mass halos of 10 6 − 10 8 M at z = 6, which end up today in very numerous low-mass galactic satellites. We thus expect the number of yet undiscovered UFDs in the Milky Way and M31 to be large.
(iv) The tentative existence of an extended stellar halo in the faintest galaxy in our sample, Leo T, suggests a significant increase of f * for the mass range M dm ∼ 10 6 −10 7 M . If the results for Leo T are correct, the star formation efficiency appears to increase sharply from f * = 0.1% at M dm ∼ 10 7 M to f * = 5% at M dm ∼ 10 6 M . This result is intriguing but tentative. More and better data and further theoretical modeling will be necessary to put this result on firmer ground. This work is meant as a first step and a proof of concept of a new method to constrain star formation before reionization. We have made several simplifying assumptions in the theoretical modeling that need to be checked with numerical simulations and that will be the subject of future work. One important assumption we need to relax is the one-to-one relationship between halo mass and stellar mass. Simulations show that in the mass range 10 6 −10 8 M , the scatter around a mean star formation efficiency is very large (e.g., Ricotti et al. 2002) . The effects of this stochasticity in the mass-tolight ratio in the first galaxies needs to be included in future models to check whether it has an effect on the scale radius of ghostly halos.
Another front in which a lot of progress can be made is on improving and expanding the observational data. Deeper observations of the six isolated dwarf galaxies identified in this paper can help improve the characterization of their stellar halos and check for possible contamination with higher metallicity stars produced by processes other than mergers with fossil dwarfs, e.g., breathing or evaporation of disk stars or complex dynamical interactions with massive companions (Zolotov et al. 2009; Widrow et al. 2014; Bergemann et al. 2018) .
Perhaps more important and exciting implication is the possibility to discover new extended stellar halos around isolated dwarfs. Looking at the census of known dwarfs in the Local Group, we noticed some interesting statistics.
Leo T and NGC 6822, which both belong to our list because show tentative evidence of an extended stellar halo, are the only two dwarfs belonging to the Milky Way sub-group and residing outside its virial radius (McConnachie 2012). Phoenix dIrr (M * = 7.7 × 10 5 M , r h = 454 pc) also belongs to this group but its radial velocity appears marginally larger than the Milky Way escape velocity, thus may not be bound to the Milky Way. Nevertheless it is a good candidate for future studies.
Of the four dwarfs belonging to M31 sub-group but outside its virial radius, two, IC10 and IC1613, are in our list. The other two are LGS3 (M * = 9.6 × 10 5 M , r h = 470 pc) and AndVI (M * = 2.8 × 10 6 M , r h = 524 pc). PegDIG (M * = 6.6 × 10 6 M , r h = 562 pc) also belongs to this group but its radial velocity appears marginally larger than M31 escape velocity (McConnachie 2012) .
Finally, of the six isolated dwarfs belonging to the Local Group, two, Leo A and WLM, belong to our list. The other four are Aquarius (M * = 1.6 × 10 6 M , r h = 458pc), Tucana (M * = 5.6 × 10 5 M , r h = 284 pc), SagDIG (M * = 3.5 × 10 6 M , r h = 282 pc), UGC4879 (M * = 8.3 × 10 6 M , r h = 162 pc). These dwarfs are either dIrr or transitional galaxies dIrr/dSph, and are rather faint with sizes and stellar masses similar to Leo T and Leo A, which are the faintest dwarfs in our list. We have checked the literature for evidence of an extended halo in these galaxies but we did not find any paper showing its existence. The only exception is SagDIG, for which we have found a published radial profile (Higgs et al. 2016) , but it did not show evidence for two stellar components (galaxy and halo) and the galaxy showed a possible signature of tidal stripping.
It may be challenging to detect extended stellar halos in these dwarfs, if they exist, given their faintness and large distance from the Milky Way (∼ 1 − 1.5 Mpc). However, we suggest this list of dwarfs as a promising target for future observations. 
A3 Mass Surface Density of Ghostly Stellar Halos
We have fit simulation data to half-light radius and stellar mass models. Therefore, we use these models to derive the stellar mass surface density model using Eq. (9). The overall dependence of the stellar mass surface density on β and M dm is weaker when compared to the effective radii and stellar mass. For redshift z ∼ 6, in particular, the dependence on the halo dark matter mass is minimal.
A4 Scatter of Results for Different Random Realizations
For the purpose of our research, we take the average of 60 simulated realizations. In this section, we explore the spread of the data by looking at the number of mergers and the effective halo radius for a fixed set of parameters but different random realizations. We are particularly interested in the range β ∼ −0.5 − 0.5 and present day dark matter halo mass, M halo dm ∼ 10 8 − 5 × 10 10 M , since our comparison to observations show that these are likely ranges for the star formation efficiency in early galaxies. The number of mergers primarily depends on the mass resolution, M res , and M halo dm . Lower M res and higher M halo dm allow for more mergers to happen in the simulation. The distribution functions of the number of mergers is Gaussian and β has no effect on the shape of the distribution. The scatter of final effective radii is Gaussian when β ∼ 0. However, the data is quite skewed when β deviates from β = 0. Tables A2-A3 list the fractional scatter of the number of mergers and r halo h as a function of β and M dm .
APPENDIX B: CMD DIAGRAMS FOR ISOLATED DWARFS
The purpose of this section is to estimate the stellar mass of ghostly halos of the six nearby dwarf galaxies in Table 1 . To do so we use synthetic CMD models to produce simple stellar populations (single-age, single-metallicity) with a metal poor (Z = 0.0003) and an old stellar population (age of 13 billion years) (Brocato et al. 2000 (Brocato et al. , 1999 Cantiello et al. 2003; Raimondo et al. 2005) . We set limits, m lim , based on CMD's of RGB/AGB stars in our chosen dwarf galaxies shown in Table B1 and use cumulative sum to find linear regression shown in Fig. B1 . We rely on synthetic CMD models to select RGB/AGB stars while we use m lim to limit the number of stars. Finally, we calculate the stellar mass using the following equation:
where N RGB/AGB represents the number of stars from galaxies and 2.8 × 10 4 M is the estimated total stellar mass from our synthetic CMD models. Table A2 . The average number of halo mergers from the 60 realizations of merger history with errors, minimum, and maximum at z = 6, M r e s = 10 6 M (top) and M r e s = 5 × 10 6 M (bottom). The number of mergers is independent of β. Instead, it primarily depends on present day dark matter halo mass. The bottom Table B1 . The radial cut for the halo r cut , the color cuts and the limiting apparent magnitude m lim used in the references previously noted in Figure 5 . The radius r cut is the estimated cutoff point between galactic and halo stars and m lim is the limiting apparent magnitude due to foregrounds and sensitivity limitations. CMD color cuts are also used to select RGB/AGB stars in the synthetic CMD models and limit foreground contamination. The parameters to determine the number of star in the red-giant branch are calculated using synthetic CMD data shown in Fig. B1 (right panel) with color cuts, and m lim reported in this table. Figure B1 . Synthetic color-magnitude diagrams (CMD) for the six dwarfs considered in this study. The left panels in each of the six figures show the CMD for the same filters as in the data from the literature review. The right panels show the cumulative number of stars along the red-giant branch as a function of the faintest magnitude cut in the data. From left to right and top to bottom, the CMD are for LeoT (stellar population with g < 24.3 and 0.2 < g − r 2); LeoA (I < 23 and 0.8 < V − I ); WLM (V < 23.5 and 0.6 < V − I 4); IC10 (I < 23.5 and 0.6 < V − I); NGC6822 (i < 24 and 0.2 < r − i).
